In the absence of fractures, methane bubbles in deepwater sediments are immovably trapped within a porous matrix by surface tension. The dominant mechanism of transfer of gas mass therefore becomes the diffusion of gas molecules through porewater. The accurate description of this process requires non-Fickian diffusion to be accounted for, including both thermodiffusion and gravitational action. We evaluate the diffusive flux of aqueous methane considering non-Fickian diffusion and predict the existence of bubble mass accumulation zones within deep-water sediments. The occurrence of these may be highly significant in the assessment of methane hydrate reservoirs or inventories as they could occur independently of the hydrate stability zone, yet may mimic the bottom-simulating-reflector which is commonly used to identify the base of the zone.
Introduction
The occurrence of methane bubbles within porous watersaturated sediments is widespread around the ocean margins. The gas within them plays an important role in both submarine hazards, such as submarine landslides [Kayen and Lee, 1991] as well as the formation of resources, such as methane-hydrate deposits Buffett, 2001, 2003; Archer , 2007] . The stability of the bubbles has a significant control on the methane flux from the sediments into the ocean-atmosphere system.
In porous sediments the bubbles are trapped within the matrix pores. Large moving bubbles are unstable, as they split into smaller bubbles during migration [Lyubimov et al., 2009; Barry et al., 2010] , and smaller bubbles are trapped by pore-throats or by surface tension forces. The minimum pore throat diameter l required to trap a small bubble, when there is no strong pumping of the fluid through the porous matrix, can be calculated. The surface tension forces σl (σ is the surface tension) should overwhelm the buoyancy force ρgl 3 (ρ is the density, g is the gravity), i.e., l < σ/ρg. For gas-water systems, one finds, l < [0.073 N m −1 /10 3 kg m −3 9.8 m s −2 ] 1/2 ≈ 2.7 mm. Mak-Copyright 2011 by the American Geophysical Union. 0094-8276/11/$5.00
ing allowance for the inhomogeneity of pores and the geometry of contacts, one should decrease this estimate to l ≈ 1 mm, which still suggests trapping even for sands. For a soft mud, mechanics of bubbles and porous matrix can be different [Algar et al., 2011] and is not considered here.
As bubbles are trapped, and in the absence of significant groundwater movement transporting dissolved methane, the dominant mechanism of methane mass transfer in deepwater sediment is by diffusion of methane through porewater, controlled by (i) the methane saturation of the aqueous solution throughout the sediment volume, and (ii) nonFickian diffusion laws. The latter pertain to two processes: firstly, the geothermal gradient causes thermodiffusion (the Soret effect [Sorét, 1879] ), where the temperature gradient induces solute flux (as recognized in several fields, e.g. [Richter , 1972] ); and secondly, the impact of gravity on dissolved molecules. These non-Fickian contributions to the diffusive flux mean that the solute flux cannot solely be determined by the gradient of the solute concentration.
Currently non-Fickian diffusion is rarely considered in the modelling of deep-water sediment systems Buffett [2001, 2003] ; Haacke et al. [2008] ; Garg et al. [2008] , and others involved in gas hydrate modelling only address Fickian diffusion). However, we suggest that non-Fickian processes are important; whilst appearing counter-intuitive, they may cause methane to migrate against the direction of the steepest decrease of concentration under certain conditions. Unfortunately, the experimental value of the thermodiffusion coefficient for the aqueous methane solution is unknown and can only be roughly assessed theoretically. Therefore, we treat it as a free parameter in our investigation. This uncertainty also justifies the fact that prior numerical modelling work did not include non-Fickian processes.
In researching the horizontal through-flow of water and vertical aqueous oxygen transport in porous bubble-bearing sediments, Donaldson et al. [1997] considered the hydrodynamic dispersion (or "turbulent diffusion" [Bernard and Wilhelm, 1950] ), caused by water transport through irregular pore channels, as a transport mechanism and reasonably neglected the molecular diffusion. Indeed, the turbulent diffusion plays a significant role in vertical dissolved gas transport near the earth's surface. However, it becomes insignificant away from the sediment-water interface in deep-water sediments, where vertical and horizontal displacements of water are comparable. Here it is significantly smaller than molecular diffusion-even in sandy sediments.
In the present study we consider the diffusive migration of methane in sea-floor sediments where water is saturated with methane, and some methane is gaseous (forming bubbles; see sketches in Fig. 1 ). To evaluate the solubility and diffusive flux of methane we employ the physical model developed by Goldobin and Brilliantov [2011] and summarized in the Appendix. We demonstrate that even in the presence of the advective transport by the upward fluid flux, the nonFickain diffusion is still important. 
Diffusion in non-isothermal aqueous solutions bearing bubbles
Under non-isothermal conditions the diffusive flux of solute molar fraction X in the solvent is governed by the law (cf [Bird et al., 2007; Goldobin and Brilliantov , 2011] )
Here D is the solute effective molecular diffusion coefficient, φ is the porosity of the solid matrix. The first term describes the "ordinary" Fickian diffusion, J Fick = −φD∇X. The second term represents the thermodiffusion effect appearing in non-isothermal systems, where temperature inhomogeneity causes a solute flux. The strength of the thermodiffusion effect is characterized by the thermodiffusion constant α (the conventional Soret or separation coefficient ST = α/T ). The third term describes the action of gravity on solute molecules; R = 8.31 J/(mol K) is the universal gas constant,M = M g − N1M host , M g and M host are the molar masses of the solute and solvent, respectively, and N1 is the number of solvent molecules in the volume occupied by one solute molecule in the solution. The value of N1 can be precisely derived for CH4-H2O systems from the dependence of the solution density on its concentration [Hnedkovsky et al., 1996] ; one obtains N1 = 2.23 andM = −24.3 g/mol.
When the liquid is saturated with gas bubbles, the concentration of solute in solvent equals the solubility, X = X (0) , throughout the liquid volume because the bubbles are in local thermodynamic equilibrium with the solution. Thus, the solute flux depends merely on the temperature and pressure fields, T (z) and P (z), and the solution concentration is not a free variable, X(z) = X (0) (T (z), P (z)). For the calculation of the solubility see the Appendix.
In marine sediments, the processes of sediment compaction and related fluid advection can be important Buffett, 2001, 2003] . With these processes, the solute flux reads
where u f is the fluid filtration velocity, which is related to the interstitial fluid velocity v f = u f /φ(z). Generally, the flux (2) possesses non-zero divergence ∇ · J , which requires sources and sinks of the solute massprovided by bubbles. The mass production (−∇ · J ) is consumed by the bubble volume;
where X b is the molar fraction of bubbles in the bubblebearing fluid (comprising bubbles and liquid); vs is the velocity of sediments movement due to the compaction. By virtue of the mass conservation law for sediments, and Buffett, 2001] .
Evolution of methane bubbles in the seabed
On the field scale, deep-water sediments are typically much more uniform horizontally rather than vertically. Consequently, we consider a system that is uniform horizontally. The depth below the seafloor is measured by the zcoordinate (Fig. 1) . The system is essentially characterized by the hydrostatic pressure P and geothermal temperature gradient G;
where P0 is the atmospheric pressure, H is the height of sea-water (water depth) above the bubble-bearing porous sediments, and T sf is the temperature at the sediment-water interface. For given hydrostatic pressure and geothermal gradient, the solute flux (1) reads:
where
Eq. (5) with β = 0 corresponds to the Fickian diffusion law, J Fick = −φD∇X, and β characterizes the strength of nonFickian part of the solute flux. As the value of α is unknown, β is treated as a free parameter in our study.
Diffusive transport
First, we focus on purely diffusive transport without advection, which is reasonable for the following reasons: Firstly, for some geological systems the molecular diffusion is expected to be the dominant transport mechanism [Haacke et al., 2008] . Secondly, advection is a well studied process; it is not influenced by the non-Fickian effects addressed here. In the saturated solution (the bubbly zone) advective and diffusive transports are merely summed.
X -3 We perform the following calculation: Employing Eq. (7) from the Appendix, we find the water-free-gas solubility profile for the temperature and pressure profiles given by Eq. (4) (such kind solubility profiles can be found in [Haacke et al., 2008] ). For the calculated solubility profile X (0) (z) and parameter β, Eq. (5) yields the profile of the diffusive flux J(z). The variety of the solubility profiles for possible values of the temperature of the sediment-water interface T sf and the depth of the water body above sediments H in combination with various strengths of non-Fickian drift β result in 4 classes of the flux profiles plotted in Fig. 1 . According to Eq. (3), these flux profiles cause the production of free-gas massẊ b = −(dJ/dz) forẊ b > 0 or its depletion forẊ b < 0.
We now discuss the diagrams of these regimes on the β-H plane. Fig. 2a shows the diagram of diffusive regimes in the system with geothermal gradient G = 40 K/km. For shallow water bodies (small H), regime (A) occurs, with an upward diffusive flux near to the sediment-water interface, but a downward flux deeper within the sediments. As water depth increases, the flux inversion point shifts towards the sediment-water interface and finally disappears, so that the zone of downward diffusive methane flux covers the whole sediment volume, as shown in Fig. 1, regime (B) . In regimes (A) and (B) all methane leaves the upper 2 km layer of sediments either upwards, as identified locally in (A), or downwards, as in (B), and locally in (A). Intriguingly, besides regimes (A) and (B), there are regions where methane accumulation zones occur, caused by both upward diffusion (from below) and downward diffusion (from above). These zones may occur within the sediment column (C) and can touch the sediment-water interface (D). For G = 40 K/km this methane accumulation zone exists for non-Fickian drift strength β in range [0.2, 1.1] in water bodies with depth between 0.5 km and 1.5 km, and β < −0.68 in water bodies with depths greater than 3.2 km.
The regime diagram in Fig. 2b presents the regime diagram for G = 60 K/km, which is typical for the Cascadia margin [Davie and Buffett, 2003] . At sites with a low geothermal gradient, G = 20 K/km, regime (A) prevails for water depths up to 5 km (not illustrated).
Note, that the diagrams in Fig. 2 are constructed analysing the direction of flux J diff within the sediment column. The sign of mass productionẊ b is also affected by the nonuniformity of φ(z) (see Eqs. (3) and (5)). Importantly, the positive mass production zones,Ẋ b > 0, in regimes (C) and (D) appear for any dependence φ(z). In the following subsection we calculateẊ b , taking into account the presence of an upward fluid flow, as well as the nonuniformity of φ(z).
Impact of advection
Advective transport is more system-specific than diffusive flux; we need to additionally specify the dependence of the porosity φ on the vertical coordinate z, the sedimentation rate vs(0), and the fluid filtration velocity u f . For the west Svalbard continental slope Haacke et al. [2008] adopted the dependence φ(z) = φ(0) exp(−z/L) with φ(0) = 0.555 and L = 1053 m. Sedimentation rate vs(0) = 50 cm/kyr, geothermal gradient G = 86.5 K/km, molecular diffusion coefficient D = 2 · 10 −9 m 2 /s, and the upward fluid velocity assessed as v f (0) = 0.1 mm/yr have been used. Employing these parameters we calculated from Eq. (3) the free-gas mass production from the saturated aqueous solution. For a better understanding of the impact of advection the calculations have been performed not only for v f (0) = 0.1 mm/yr, but also for smaller values of the upward fluid flux.
In Fig. 3 we plot the zones where methane is accumulated from the saturated solution into free-gas bubbles and the zones where free gas is dissolved. The lines demarcate the accumulation and dissolution zones for specified values of non-Fickian drift strength β. The former are observed for higher depths of water bodies next to the gas-hydrate stability zone (GHSZ), and the latter occur under shallow water bodies. We wish to stress that the bubble growth (or dissolution) in the bubbly zone is a local process, which is not affected by the neighboring GHSZ (if any). This allows one to exclude the GHSZ from the explicit consideration.
One can see that for a stronger advective flux v f , the accumulation zone shrinks and its existence requires bigger positive β. As one can see in Fig. 3 , the non-Fickian correction to molecular diffusion remains rather important in the presence of advection.
Importance and uncertainties
The behavior described is considerably influenced by the non-Fickian drift of methane. We suggest that the Fickian diffusion law, which has been adopted in [Davie and Buffett, 2001] and its successors and corresponds to β = 0, should be modified.
The unresolved issue here is the specific value of β for methane. The authors are not aware of experimental data on thermodiffusion of methane in water, though there are a lot of experimental studies on the thermodiffusion of methane in mixtures of hydrocarbons (e.g. [Wittko and Köhler , 2005] ). Theoretical studies (e.g. [Semenov , 2010] ) provide formulae for calculation of the thermodiffusion constant from intermolecular potentials which are poorly established for water because of hydrogen bonds. We can only calculatẽ M g/RG = −0.725 (for G = 40 K/km), the isotope (or kinetic) part of the thermodiffusion [Wittko and Köhler , 2005; Semenov , 2010 ] αisot = (3/4) ln(M g /N1M host ) = −0.670, and infer that the inter-molecule potential part αpotent is positive (this qualitative conclusion is suggested by formulae in [Semenov , 2010] ). Thus, β CH 4 < −0.055 for aqueous solutions with geothermal gradient G = 40 K/km, and β CH 4 < 0.187 for G = 60 K/km.
Implications for marine hydrates
The processes described above have major significance in relation to the occurrence of gas hydrate deposits. They suggest that in relatively shallow waters (area (A) in Fig. 2 ) the diffusive methane flux is directed upwards, into the GHSZ, while in deeper waters (area (B) in Fig. 2 ) methane diffuses downwards, leaving the GHSZ. In the former case the hydrate deposit capacity is enhanced, while in the latter, the deposit suffers diffusive depletion. The threshold sea depth, where the transition between these two regimes occurs, strongly depends on the non-Fickian drift strength β (which is a function of the thermodiffusion constant α and the geothermal gradient G). Nevertheless, theoretical assessment of the value of α suggests enhancements of hydrate deposits for the Cascadia margin and the Blake Ridge.
Another implication relates to the detection of marine methane hydrates. A very small amount (c. 1 − 2%) of gas bubbles is enough to change the sound speed in the sediment body and cause reflection of seismic waves; the reflecting layer is commonly referred to as the 'bottom simulating reflector' (BSR) (e.g. [MacKay et al., 1994; Hovland et al., 1999; Paull et al., 2000] ). It is typically assumed that the BSR marks the base of the GHSZ. Indeed, for an isothermal Fickian diffusion law, there are no reasons for the formation of a gaseous methane horizon (that may cut-across primary sedimentary features, such as bedding) other than the base of the GHSZ above which gas disappears having been transformed into hydrate. However, our theoretical findings suggest that commonly observed geothermal gradients are enough to explain the creation of gaseous methane horizons by thermodiffusion; formation of these horizons does not require the presence of the GHSZ or hydrates therein. This may be a reason why some BSRs seem to have no hydrate associated with them (e.g. [Paull et al., 2000] ). Rigorous quantitative prediction of appearance of BSRs without hydrates requires consideration of hydrate stability and will be presented in a separate publication. With the present work we conclude that within regions (C) and (D) in Fig. 2 conditions are favorable for the creation of potential BSRs that are generated by thermodiffusion processes alone, and are not linked to the boundary of a GHSZ at that depth. The Cascadia margin with H = 1.3 km and G = 60 K/km may well be close to regime (D) (Fig. 2b) .
Our results suggest that some hydrate deposits may have no BSR at their base (as, for instance, reported by Ecker et al. [1998] ; Paull et al. [2000] ) because diffusion can lead to depletion of methane from the bubbly area as it does in regimes (A) and (B), which are most common (Fig. 2) . In this case, only the balance between the sedimentation rate (which provides a flux of methane mass from the GHSZ to the underlying free-gas zone) and the diffusive depletion rate determines whether the BSR appears. In areas with higher sedimentation rates it may be that BSRs will be more common. This relationship should be addressed in future modelling, involving consideration of methane-hydrate stability and sedimentation processes (as in [Davie and Buffett, 2001 ], but taking account of the non-Fickian effects in diffusion).
Conclusion
We have theoretically explored the process of diffusive migration of aqueous methane in the presence of bubbles, when they are immovably trapped by a porous matrixas occurs commonly in seafloor sediments, swamps, or terrestrial aquifers. The effect of temperature inhomogeneity across the system (geothermal gradient) and gravitational force have been accounted for.
Non-Fickian corrections-thermodiffusion and gravitational buoyancy-appear to play an important role in the migration of methane in sediments in deep-water settings. They can assist the formation of a methane accumulation zone in the upper part of the sediment column under water bodies with depths in range 0.5 − 1.5 km and the very deep ones (Fig. 2) . For the latter the minimal depth required depends on the geothermal gradient G: it is around 3.2 km for G = 40 K/km (such G is typical for the Blake Ridge) and 2.2 km for G = 60 K/km (such a G is typical for the Cascadia margin).
Under moderately deep water bodies, gas hydrate deposits should be enhanced (presumably, as for the Cascadia margin and the Blake Ridge), and conversely, under deep water bodies gas hydrate deposits should be subject to a stronger diffusive depletion than with the purely Fickian diffusion. The depth of transition between these two regimes increases with decrease of the geothermal gradient G: this is the reason why the relatively deep Blake Ridge with G ≈ 40 K/km and the shallower Cascadia margin with large G ≈ 60 K/km appear to have similar conditions for the formation of gaseous methane accumulation zones.
It is a consequence of our results, that the effects of nonFickian diffusion remain rather important even in the presence of advective transport. For instance, Fig. 3 illustrates that, depending on β and for conditions of the west Svalbard continental slope [Haacke et al., 2008] , non-Fickian diffusion can either extend or shrink the zone of methane accumulation from solution into bubbles.
Remarkably, the early theoretical study [Xu and Ruppel , 1999] on the formation of natural methane hydrate deposits had inferred that these systems should be advection dominated; this was needed to explain the enhancement of hydrate deposit capacity. Later on, Haacke et al. [2008] reported a case study from the west Svalbard continental slope, where the formation of a persistent free-gas zone below the gas hydrate stability zone required the system to be diffusion dominated. These studies have adopted the Fickian diffusion law. In our study we see that the actual, non-Fickian diffusion, even for negligible advection, can lead both to the enhancement of hydrate deposits and the formation of a persistent free-gas zone.
Unfortunately, we cannot determine precise values for the thermodiffusion constant of aqueous solutions of methane from the literature, and can only rely on theoretical predictions (e.g. [Semenov , 2010] ), to estimate their values, as we do here. Our findings highlight the necessity of experimental determinations of the thermodiffusion constant for aqueous methane solutions.
